Cultured human smooth muscle and adventitial cells were incubated with human serum and low density lipoprotein (LDL) to study the Uptake and accumulation of cholesterol ester from exogenous LDL. The cellular total cholesterol varied with the amount of LDL cholesterol in the medium. The cholesterol ester content increased 4-fold after 2 hours of incubation. A 6-fold rise occurred by 24 hours and continued to 72 hours. The cholesterol ester of the adventitial cells was markedly depleted by incubation with abetalipoproteinemic serum or with a lipid-depleted plasma fraction. By the use of 14 C-labeled LDL free cholesterol in the incubation medium, we calculated that some 70-80% of the total accumulated cholesterol ester after 24 hours of incubation was derived from LDL cholesterol ester, and only 20-30% was synthesized by the cells. These studies demonstrated conclusively that human cells greatly increase their cholesterol ester mass after incubation with LDL.
SUMMARY Cultured human smooth muscle and adventitial cells were incubated with human serum and low density lipoprotein (LDL) to study the Uptake and accumulation of cholesterol ester from exogenous LDL. The cellular total cholesterol varied with the amount of LDL cholesterol in the medium. The cholesterol ester content increased 4-fold after 2 hours of incubation. A 6-fold rise occurred by 24 hours and continued to 72 hours. The cholesterol ester of the adventitial cells was markedly depleted by incubation with abetalipoproteinemic serum or with a lipid-depleted plasma fraction. By the use of 14 C-labeled LDL free cholesterol in the incubation medium, we calculated that some 70-80% of the total accumulated cholesterol ester after 24 hours of incubation was derived from LDL cholesterol ester, and only 20-30% was synthesized by the cells. These studies demonstrated conclusively that human cells greatly increase their cholesterol ester mass after incubation with LDL. Circ Res 47: 374-383, 1980 A CRITICAL event in the pathogenesis of human atherosclerosis is the accumulation of cholesterol ester in smooth muscle cells of the arterial intima (Smith and Slater, 1972) . Presumably, cholesterol is carried into artery by low density lipoprotein (LDL) from the plasma when LDL cholesterol is present in high concentrations. However, the origin of the cholesterol ester in the atherosclerotic lesion remains uncertain (Smith and Slater, 1973) . Some tissue culture experiments suggest that the cholesterol ester of the entering LDL molecule is first hydrolyzed, and then new cholesterol oleate is synthesized as a more permanent storage form in the cell (Goldstein et al., 1975) . However, according to deDuve et al., this process may not be functional in atherosclerotic tissues because of saturation or deficiency of the lysosomal enzyme, cholesterol ester hydrolase (Smith and Slater, 1973; Takano et al., 1974) . Under that circumstance, the majority of the cholesterol ester in the artery might be derived from the LDL cholesterol ester of the plasma and not by intracellular hydrolysis and reesterification.
This hypothesis that much of the cellular cholesterol ester may be directly derived from the LDL of the medium has been tested in certain tissue culture systems. In mouse fibroblasts, the amount of accumulated cholesterol ester can be increased greatly by incubation with human LDL. Such cholesterol ester was shown to be derived, in part, directly from the LDL cholesterol ester of the medium (Maca and Connor, 1971 ). Rothblat et al., (Rothblat, et al., 1976; Rosen and Rothblat, 1977) showed that rat hepatoma cells in culture accumulated cholesterol esters when incubated with hyperlipidemic rabbit serum and that the accumulated cholesterol esters are mainly of extracellular origin. While many studies involving human skin fibroblasts and the smooth muscle cells of several species after incubation with lipoproteins have been reported, most have reported only upon the cellular uptake of "labeled" materials (cholesterol, lipoproteins, etc.) , and mass determinants of cholesterol ester have not been attempted (St. Clair et al., 1977; Bierman et al., 1974; Bierman and Albers, 1975; Weinstein et al., 1976; Brown et al., 1976; Mahley et al., 1977; St. Clair and Leight, 1978) . In some instances, cholesterol mass has not increased unless the cells were treated with a pharmaceutical agent. In canine and swine smooth muscle cells, an increased cholesterol mass did occur after incubation with various lipoproteins . The possibility that the mass accumulation of cholesterol may occur in human arterial smooth muscle and adventitial cells in response to incubation with plasma LDL has not yet been explored fully.
In this report, we describe the mass uptake of cholesterol in cultured human arterial smooth muscle and adventitial cells when exposed to different plasma lipoproteins. The origin of the accumulated cholesterol ester in these cells in response to exposure to human LDL also was investigated. The efflux of cellular cholesterol under different incubation conditions was observed. The unique aspects of these studies were the great accumulations of cholesterol esters in human arterial cells from LDL without pharmaceutical agents and the indications that the deDuve hypothesis was correct in that most of the cholesterol ester was derived directly from LDL cholesterol ester.
Methods

Tissue Culture
Human aortic smooth muscle cells were established in vitro (as previously described) from explants of smooth muscle taken at autopsy from the inner one-third portion of the tunica media of the descending thoracic aorta of a 35-year-old male 10 hours postmortem (Layman and Titus, 1975; Layman et al., 1977) . Cultured adventitial cells were derived from the loose connective tissue of the tunica adventitia of the same aorta by a similar procedure. Explants were incubated with McCoy's medium (Flow Laboratories) containing 20% pooled human serum (pencillin 200 U/ml), and streptomycin (200 ;iig/ml). Primary cultures of cells were subcultured by trypsin:EDTA dissolution and transferred to 75-cm 2 tissue culture flasks containing 10 ml of complete growth medium but with 10% pooled human serum. Cells between the four and eight subculture were used in these studies. At confluency, aortic smooth muscle cells were predominantly stellate in shape, grew in dense multilayered mounts of cells forming hills and valley, and exhibited a population doubling time of 40-45 hours. Although the adventitial cells also appeared stellate in shape, they grew only as a uniform monolayer of cells at confluency even after 12 subculturings at 1:2 split. Their population doubling time was 22-24 hours.
It is unlikely that the cultures of adventitial cells were contaminated by a significant number of smooth muscle cells, because nodules or mounts of smooth muscle cells never were observed, even in early cultures. Moreover, any smooth muscle cells initially present in the adventitial cell cultures would be progressively diluted out by the more rapidly dividing adventitial cells. Since the population-doubling time of our adventitial cells did not change throughout 12 subculturings at a 1:2 or 1:3 split, it is unlikely that our cultures of adventitial cells contained a significant number of smooth muscle cells. In addition, smooth muscle cells reached approximately twice the cell density at confluency than did adventitial cells (4-5 X 10 6 vs. 1.5-2 X 10 6 cells/flask). Adventitial cells also differed from adult skin fibroblasts, although they exhibited similar population-doubling times. Under similar culture conditions, skin fibroblasts appeared spindleshaped, grew as a uniform multilayer of cells at confluency, and reached a cell density intermediate between smooth muscle cells and adventitial cells (approximately 3 X 10 6 cells/flask). Adventitial cells synthesized more than twice the amount of type III collagen than did skin fibroblasts (Layman, unpublished observation) .
Isolation and Purification of Plasma Lipoproteins
The LDL were prepared from fresh human plasma of a normocholesterolemic subject. Whole blood was drawn into tubes containing 10% EDTA, and the plasma was collected by centrifugation at 3000 rpm for 25 minutes. The LDL (density, 1.019-1.063 g/ml) were then isolated by the differential ultracentrifugation method (Havel et al., 1955) . Lipoprotein-free serum (LPFS; density, 1.21 g/ml) was also prepared by the same procedure. The isolated lipoprotein fractions were routinely dialyzed against 2 liters of phosphate-buffered saline (PBS; pH 7.4) with at least three changes of buffer over a period of 48 hours in the cold. After dialysis, the lipoproteins were sterilized by membrane filtration. The protein and cholesterol concentration of the lipoprotein fractions was determined by the methods of Lowry et al. (1951) and Miettinen et al. (1965) . The average plasma cholesterol content of the donor during the period of experiment was about 147 mg/ dl. LDL cholesterol content of the donor during the same period varied between 95 and 100 mg/dl.
Preparation of [ 14 C]Cholesterol-labeled Lipoprotein and 3 H-Labeled Albumin-Bound Oleic Acid
The plasma cholesterol was labeled with [4-14 C] cholesterol (New England Nuclear) by the method of Avigan (1959) . Various lipoprotein fractions labeled with [4-14 C]cholesterol were then isolated. This technique labels only the free cholesterol of the LDL molecule; the cholesterol ester is unlabeled. The cholesterol content of the LDL was determined by the calorimetric method of Rush et al. (1971) , using an Auto-Analyzer II, and the purity of the LDL was verified using agarose gel electrophoresis (Noble, 1968) .
[9,10-3 H]Oleic acid (New England Nuclear) and nonradioactive oleic acid (Matheson, Coleman and Bell, Norwood, Ohio) were added to hexane. After drying the hexane under a current of nitrogen, 5 N NaOH solution was added to the dry fatty acid mass to precipitate sodium oleate. The precipitate of sodium oleate was dried overnight under nitrogen and dissolved in a solution of bovine serum albumin (0.05 ITIM) in McCoy's 5a medium which yielded a final sodium oleate concentration of 0.2 mM and a radioactivity of 0.02 /tCi/ml.
Incubation Studies
The standard incubation procedure began with a 24-hour preincubation of the cells with 10% LPFS (density, >1.21 g/ml) followed by another 2, 8, and 24 hours of incubation with the medium containing VOL. 47, No. 3, SEPTEMBER 1980 the whole serum or the labeled LDL fraction. The tritiated oleate bound to albumin was added along with whole serum or LDL. To determine the amount of lipoprotein and cholesterol uptake by cultured smooth muscle cells, stationary phase cultures were incubated with either [ H C]cholesterollabeled LDL and [ 3 H]oleate or with unlabeled human plasma and LDL. In our study, we used LDL from normal human adult volunteers. Except as otherwise mentioned, the amount of sterol in the incubation medium was always 400 /ig/ml of incubation medium. The total sterol content of the medium was adjusted to be similar to the lymph LDL cholesterol content of type II hypercholesterolemia, i.e., 400 /xg/ml being equivalent to 10% of a plasma cholesterol level of 400 mg/dl. Arterial cells other than endothelial cells would not be exposed directly to plasma LDL but to interstitial LDL presumed to be about 10% of the plasma LDL concentration Reichl et al., 1973) .
Five LDL uptake studies with 14 C-and 3 H-labeled and unlabeled LDL were carried out in duplicate flasks for human smooth muscle cells. For human adventitial cells, an experiment in triplicate flasks was carried out. One experiment in duplicate flasks also was carried out for the study involving the LDL uptake by human adventitial cells followed by cellular sterol unloading in media containing 10% abetalipoproteinemic plasma.
The medium was removed after incubation, and the cells were washed twice with PBS. The media were pooled, adjusted to a known volume with PBS and kept aside for further lipid analysis. For most of the experiments, the cells were scraped with a rubber policeman, using 15 ml of PBS, and decanted into a centrifuge tube. The cells then were washed two more times with PBS by low-speed centrifugation and decantation, discarding the washing each time. For one experiment, the cells were incubated for 5 minutes with 0.05% trypsin:EDTA to dissociate the cells and to remove surface-bound radioactive lipids. The cells were collected by centrifugation, and the trypsinate and cells were separated. Both the trypsin-treated and untreated cells were washed several times with PBS, homogenized, and analyzed for cellular lipids. Cellular lipids were extracted by the chloroform .methanol procedure of Folch et al. (1957) .
The cells, media, and trypsinated extracts were analyzed for unesterified cholesterol, glycerides, and cholesterol esters by thin layer chromatography on silica gel plates (Quantagram), and the chromatograms were developed in hexanexhloroform:ether:acetic acid (80:10:10:1). Lipids were visualized under ultraviolet light after spraying with a solution of rhodamine G. For the measurements of radioactivity in different classes of lipids, respective bands were scraped off the plate into a scintillation vial, and the radioactivity was determined by using 10 ml of scintillation solution (POP and POPOP in toluene) in a Packard Tri-Carb liquid scintillation spectrometer fitted with an absolute activity analyzer to provide direct disintegrations per minute (dpm). The protein concentration of the lipid-extracted cells was determined by the method of Lowry et al. (1951) . The average cell protein contents per flask were 1.03, 1.14, 1.05, 1.05, and 1.05 mg at 0, 2, 8, 24, and 72 hours respectively, for the adventitial cells. In the smooth cells, the average cell protein contents per flask at 0, 2, 8, and 24 hours were 1.57,1.27,1.15, and 1.19 mg, respectively. Radioactivity was measured and expressed as dpm/ mg of cell protein.
The tissue and medium cholesterol, both free and esterified, was determined by gas chromatography (HP 5830, U.S.A.) on a 3% QFl glass column, using cholestane and stigmasterol as internal standards according to the method of Miettinen et al. (1965) . Duncan's multiple range tests were used to find out the statistical significance of the difference of cholesterol accumulation between the cells at 0 hour and other time periods of incubation.
Calculation for the Influx of Cholesterol Ester from the Medium into the Tissue Culture Cells
The following calculations were based on the assumption that the loss of radioactivity from the cholesterol ester pool of the medium during the period of incubation was negligible and there was no further esterification in the medium. The assumption was also made on the basis of Werb and Cohn's (1971) finding in rabbit alveolar macrophages that about 85% of the total radioactive-free cholesterol is available to the cell for the synthesis of ester within 24 hours. In their experiments, 61% of the cellular cholesterol was from a component of the rapidly turning-over pool in cells which exemplified a 2-pool model. We assume, then, that only the rapidly turning-over pool of cholesterol would serve as the precursor pool for cholesterol ester synthesis (the slowly turning-over pool cannot be included in the precursor pool). According to Werb and Cohn, nearly 34 % of the incoming free cholesterol was available to the cells within 2 hours of incubation. At 8 hours, it was measured to be nearly 81% and, at 24 hours, 85%. The subsequent increase was very slow. Therefore, we have assumed that the equilibration at both 24 and 72 hours incubation was 85%.
The 
Results
Cholesterol Mass Uptake by Human Smooth Muscle Cells from Plasma LDL
A significant amount of cholesterol was readily taken up by cultured smooth muscle cells from the incubation medium containing plasma LDL. The data in Table 1 represent the average of five experiments (in duplicate) in which three different subcultures of smooth muscle cells were used. After preincubation with 10% LPFS (density, >1.21 g/ ml), followed by the incubation with LDL, the total cellular sterol content increased almost 2-fold from about 42 at time 0 to 82 jug/ml protein at 24 hours. The greatest increase in sterol was attributed to cholesterol ester, which increased 5-fold from about 6 /xg to about 34 ^tg/ml cell protein over a 24-hour incubation period with LDL. Not only did the absolute amount of cholesterol ester increase, but the percentage of ester increased from 13% of the total cholesterol at time 0 to about 41% at 24 hours.
In all experiments, the rate of sterol uptake by the cells was more rapid over the first 2 hours of incubation than subsequently. Most of the uptake during this time was attributable to an increase in cholesterol ester which increased from about 6 fig to 21 Mg/mg cell protein during the first 2-'hours of incubation, there being little change in free cholesterol.
Incubation studies were carried out with concentration of LDL cholesterol in the medium from 200 to 800 /tg/ml and incubation times of 30 seconds and 24 hours. Cellular cholesterol content was increased by higher concentration of serum (see Fig. 2) or LDL, except that cells tended to die at a concentration of LDL cholesterol in the medium of 800 /ig/ml and above. In duplicate sets, cells were harvested by scraping and also by treatment with trypsin. Both mass and 14 C radioactivity of total cholesterol were measured. Our results were similar to those of others who have used 125 I-labeled LDL (Bierman et al., 1974; Weinstein et al., 1976; Brown et al., 1976) . At 30 seconds, the trypsinization of the cells greatly reduced both the mass and radioactivity vis-a-vis nontrypsinized cells. The LDL apparently was bound only to the cell surface and removed partly by trypsinization. However, after 24 hours of incubation, trypsinization did not alter either mass or radioactivity. The LDL had then been mostly internalized. VOL. 47, No. 3, SEPTEMBER 1980 Cholesterol Mass Uptake by Human Adventitial Cells from Plasma LDL Adventitial cells were exposed to human LDL for 72 hours to follow the accumulation of cholesterol ester over a longer period of time. Results of the triplicate experiments are summarized in Table 2 . The mean cholesterol ester content of the cell at 0 hours was 4.9 jug of cholesterol/mg cell protein. This increased steadily for a total of 72 hours of incubation, reaching a final value of 32.4 jug/mg cell protein. This was an increase of almost 6-fold over the 0-hour value. There was also a moderate increase of the cellular free cholesterol content from 34.8 at 0 hour to 48.6 at 72 hours of incubation. The uptake and accumulation of lipid by the adventitial cells were more rapid up to 2 hours than they were subsequently, but the total sterol content, mainly in the form of ester, continued to build up for the entire period of incubation.
The Origin of Cellular Cholesterol Ester
To determine the extent of esterification of exogenous free cholesterol by cells, we simultaneously incubated the confluent cultures of smooth muscle cells with [ H C]cholesterol-labeled LDL and tritiumlabeled oleic acid bound to albumin. The uptake of isotopic sterol and also the incorporation of labeled oleic acid into cholesterol ester and triglyceride were measured. The free [ 14 C]cholesterol of the medium was taken up rapidly by the cells over the 24-hour period of incubation (Fig. 1) . However, only 11% of the unesterified [ 14 C]cholesterol taken up by the cells at 24 hours was esterified subsequently (262 dpm/mg protein vs. the 2072 dpm/mg protein of the remaining free cholesterol in the cells). Although labeled free cholesterol was taken up readily by the cells, I4 C-labeled cholesterol ester did not appear in the cellular lipids before 2 hours of incubation and, subsequently, only slightly.
Tritiated oleate was taken up and rapidly incorporated into cellular triglycerides at a linear rate for 24 hours, which clearly indicated that the cells were viable and metabolically active during the period of incubation (Fig. 2) . Some incorporation of [ 3 H]oleate in the cellular cholesterol ester was also observed at 2 hours, and this increased over 3-fold by 24 hours. Tritiated lipid of the cell, on the other hand, had a combined dpm of 4890/mg protein at the end of the 24-hour incubation period. Of this total 350 dpm were associated with cholesterol ester, 53 dpm were associated with phospholipids, and the rest were in the triglyceride fractions. The accumulated cholesterol ester of the smooth muscle and adventitial cells, after incubation with LDL, originated partly from the cellular synthesis and partly from the medium, probably by direct transfer. The relative amounts of the accumulated ester originated from two different sources, namely the synthesis and transfer, were calculated, assuming that about 34% of the free cholesterol is available to the cell for the synthesis of ester within 2 hours. At 8 hours, the amount is 81%, and at 24 hours and beyond the amount is 85% (Werb and Cohn, 1971 ) (see Methods for the details of calculation), and the results are summarized in Table 3 . After 2 hours of incubation, cellular synthesis amounted to 8.1% of the total accumulated ester; 91.8% was derived directly from the medium. Similarly, in adventitial cells, cellular synthesis contrib- uted 27.01% at 1 hour, which increased to 31.6% after 72 hours of incubation (Table 4 ). Contribution to cholesterol ester by cellular synthesis at the end of 24 hours of incubation was 18.1% in smooth muscle cells and 20.5% in adventitial cells. This suggests that, although the cells continued to synthesize cholesterol ester slowly through the 72-hour period, most of the accumulated cellular cholesterol ester was derived probably from the LDL of the medium. The calculated values of the cellular cholesterol esters (by both de novo synthesis and direct transfer) following incubation with LDL also are supported by the specific activity ratios of the free and esterified cholesterol of the cell (Table 3) .
Unloading of Cellular Cholesterol Ester Mass by Abetalipoproteinemic Plasma and LPFS
In another set of experiments, human adventitial cells were exposed first to plasma LDL for 24 hours to produce cholesterol ester accumulation. These cells then were transferred to a medium containing 10% abetalipoproteinemic plasma (equivalent to 2 mg high density lipoprotein (HDL) cholesterol/dl) to see how much of the accumulated ester would be excreted by the cell. The plasma was derived from a 26-year-old patient with a total plasma cholesterol of 26 mg/dl and a plasma triglyceride of 1 mg/dl. He had a complete absence of apoprotein B, LDL, very low density lipoprotein, and chylomicrons. Thus, his plasma contained only HDL.
The result of the experiment with abetalipoproteinemic plasma is summarized in Table 5 . The cellular cholesterol ester during the 24-hour incubation with LDL was increased from 5.3 to 29.2 jug/ mg cell protein. However, the amount was dropped to 2.7 jiig/mg cell protein as a result of a further 24hour incubation in a medium containing 10% abetalipoproteinemic plasma. The free cholesterol content of the cells increased from 20.4 to 63.9 /ig/ m g after a 24-hour incubation with normal LDL but dropped to a value of 30.5 jug/mg cell protein after a further 24-hour incubation in medium containing abetalipoproteinemic plasma. The protein content per flask during these experiments ranged from 0.86 to 1.05 mg, since the cells were confluent and not dividing rapidly.
Cholesterol Accumulation after Incubation with Different Concentrations of Cholesterol in the Medium
The uptake and accumulation, as well as unloading of cellular cholesterol, has been observed to be a function of cholesterol concentration of the medium (Fig. 3) . Smooth muscle cells grown under our standard culture conditions of 10% human serum (equivalent to 200 jug cholesterol/ml medium) contained about 55-60 jug cholesterol/mg protein. Cellular cholesterol concentration dropped to about 35-40 fig sterol/mg protein after 24 hours of exposure to 10% LPFS (equivalent to 5-7 /xg sterol/ml medium) and remained unchanged after 6 days (Fig. 3 ). There was a slight increase from 56 to 62 jUg/mg protein in the cellular sterol concentrations in cells incubated for 3 days with 30% human serum (cholesterol content, 600 /ig/ml medium). A slow gradual reduction of cellular sterols was observed in cells maintained in 4% human serum (80 jug cholesterol/ml medium).
Discussion
The accumulation of cholesterol ester in the arterial intima is a key event in the development of For the details of calculation, see Methods. FC = free cholesterol; CE = cholesterol ester; SA = specific activity. VOL. 47, No. 3, SEPTEMBER 1980 atherosclerosis. To date, it has not been shown that adult human smooth muscle and adventitial cells in culture can accumulate large masses of cholesterol ester. This information would be of great importance in understanding the process of the in vivo lipid accumulation of arterial cells in hypercholesterolemic conditions and the subsequent development of atherosclerotic plaque. The experimental data presented in this paper show clearly that human arterial smooth muscle and adventitial cells in culture can take up large amounts of LDL cholesterol from the medium and that they accumulate it mainly in the form of cholesterol ester.
The influx of cellular cholesterol was dependent upon the cholesterol content of the culture medium. The cholesterol uptake and accumulation of cholesterol esters in the cell were most rapid within the first 2 hours of incubation under our experimental conditions. Further, the accumulated cholesterol esters, after 24 hours of incubation in the case of smooth muscle cells and 72 hours of incubation in the case of adventitial cells, were shown to be largely intracellular, as opposed to surface-bound (the difference betwen the trypsin-releasable and nonreleasable cellular cholesterol ester).
The rise in cellular cholesterol ester mass in cells incubated with LDL has been observed by St. Clair et al. (1977) , St. Clair and Leight (1978) , and Bates (1979) in monkey smooth muscle cells, and in canine and swine smooth muscle cells by Mahley et al (1977) . Chen and Fiscner-Dzoga (1977) also observed a rise in cellular cholesterol ester in rabbit smooth muscle cells in response to hyperlipemic serum. Both esterified and free cholesterol values obtained by these workers in smooth muscle cells of nonhuman species are comparable to our values of human arterial cells. Furthermore, Bierman and Albers (1975) studied the l25 I-labeled lipoprotein uptake by adult human smooth muscle cells for 8, 24, and 48 hours. Their data showed a steady increase of LDL uptake up to 24 hours, followed by only a slight decrease at 48 hours. Although no measurement of cholesterol mass was made in thenexperiments, the continued uptake of LDL was consistent with the continued accumulation of cholesterol ester by the human smooth muscle cells found in our studies. These events appeared to be the usual occurrence in cultured arterial cells from animals in culture exposed to high concentrations of plasma lipids, and were also for the human arterial cells in our experiments. Cholesterol ester accumulation in monkey smooth muscle cells observed by St. Clair et al. and by Bates, and in rabbit smooth muscle cells by Chen and Fischer-Dzoga, all were in response to hyperlipidemic serum or LDL from hyperlipidemic serum. These results would indicate that the increased accumulation of cellular cholesterol ester were due, at least in part, to the structural modification of the lipoprotein molecules. Our results show that such structural modification of lipoprotein molecules is not necessary to cause cholesterol ester accumulation in human arterial smooth muscle cells since we used normal serum.
However, not all workers have found significant cholesterol ester accumulation in their tissue culture systems. Stein et al. (1977) failed to find any significant amount of cholesterol ester accumulation in rat aortic smooth cells after incubation with human LDL. In their study, the cholesterol ester Days FIGURE 3 The unloading of cholesterol from cultured human aortic smooth muscle cells. Cells routinely grown in 10% pooled human serum were incubated with 4, 10, and 30% human serum and 10% lipid-depleted plasma (density >1.21) for 6 days. Total cellular cholesterol and protein were determined at each time period as indicated. accumulation in the cells did not exceed more than 50% of the original cholesterol ester, and high accumulation could be achieved only by treating the cells with chloroquine. have reported a study involving cholesterol ester mass accumulation in human arterial smooth muscle cells, but the conditions of their study were not comparable to ours. In their study, fetal smooth muscle cells were used, and the concentration of LDL cholesterol in the medium was low (about 35 /ig/ml) compared to that used in our study. In their experiments, smooth muscle cells accumulated little cholesterol ester when incubated with plasma LDL unless the surface charge of the lipoprotein molecule was modified by treatment with iV,iV-dimethyl-1,3-propanediamine (DMPA). Thus, in their experiments, an alteration of the surface charge of the LDL molecule was a prerequisite for cholesterol ester accumulation in cultured smooth muscle cells. Furthermore, they also observed that the slight initial accumulation of cholesterol ester by the cell without DMPA was not sustained beyond 24 hours of incubation, and the level fell back to almost 0hour value after 48 hours of incubation. In our studies with adult human arterial smooth muscle and adventitial cells, a large amount of cholesterol accumulation occurred without modifying the surface charge. The accumulation continued to build up for 24 hours in smooth muscle cells and for 72 hours in the adventitial cells.
In an earlier work, reported a significant rise in cellular cholesterol ester synthesis in human skin fibroblasts following incubation with LDL and [ H C]cholesterol-labeled LDL and did not include any specific data on the mass accumulation of cholesterol ester in the cell. The rise in cellular cholesterol ester synthesis following incubation with unlabeled LDL was measured by the extent of incorporation of [ 14 C]acetate or [ 14 C]oleate into cholesterol ester. Moreover, skin fibroblasts differ very significantly from human adventitial and smooth muscle cells in their pattern of growth and morphology, in the extent of synthesis of type III collagen (10% vs. 20%), in the pattern of proteoglycan synthesis (Layman et al., 1977; Layman, unpublished observation) , and in the fact that they are not conspicuously involved in atherosclerosis.
Because of divergent results (animal vs. human cells) about the origin of the cellular cholesterol ester following the incubation of cells with plasma LDL (alluded to in the introductory portion of this article), we explored this particular point in some detail. The mass accumulation data presented in Table 1 shows that in the first 2 hours of incubation there was a 4-fold increase of cholesterol ester in both the smooth muscle and adventitial cells. However, the isotopic data which stresses the incorporation of radioactive-free cholesterol into cellular cholesterol ester (Tables 3 and 4) indicate that there was little synthesis of new cholesterol ester during this time. Such synthesis increased with further incubation, however, in both smooth muscle and adventitial cells.
If the cellular cholesterol ester originated largely from intracellular synthesis, then its specific activity should approximate the specific activity of the free cholesterol which, upon entrance into the cell, presumably would equilibrate rapidly with baseline cellular (nonlabeled) cholesterol. In none of our experiments did this aproximation even begin to occur. The specific activity of free cholesterol of the smooth muscle cells at 24 hours was 37,910; that of cholesterol ester was 11,752. This disparity in specific activities could be accounted for only by the continued presence of unlabeled and unhydrolyzed LDL cholesterol ester within the cell. Similar disparity in the specific activities of cellular free and esterified cholesterol was also observed with the adventitial cells. Some hydrolysis of the entering cholesterol ester did occur and some new cholesterol ester synthesis did occur with time. The arte- VOL. 47, No. 3, SEPTEMBER 1980 rial cells in culture, when exposed to a high concentration of LDL, simply took up far more cholesterol ester than the intracellular enzymes (i.e., cholesterol ester hydrolase) could handle.
The uptake of [ 3 H]oleate into cholesterol ester with the same technique, as has been used in previous studies (St. Clair et al., 1977) , indicated that some cholesterol ester synthesis occurred. We assume that the entrance of labeled oleic acid from the incubation medium was rapid and that its equilibration with the intracellular oleic acid pool was also rapid. If we assume that the precursor pool of radioactive oleic acid was large, then the rate of biosynthesis of cholesterol ester from this precursor seemed sluggish vis-a-vis triglyceride synthesis. However, since we have no exact knowledge of the precurosr pool of oleate, we cannot calculate the amount of cholesterol ester synthesized from oleate. Our data truly indicate viability of the cells and the capacity for cholesterol ester synthesis, but no quantitative data, such as we can supply for the synthesis of cholesterol ester from free cholesterol, can be estimated.
After the initial rapid increase in the ester mass at 2 hours, the rate of accumulation of cholesterol ester within the cell declined somewhat but proceeded steadily and was sustained up to 24 hours in the smooth muscle cells and up to 72 hours in the adventitial cells. One possible interpretation of these differential rates of accumulation may be that the 2-hour increase of cellular ester represents a high-affinity binding and internalization by absorptive endocytosis, as well as nonspecific binding and internalization of the LDL molecules by the process of bulk phase pinocytosis . Tissue culture cells, in response to excess LDL cholesterol, would reduce production of new LDL receptors and thereby decrease the LDL uptake by high-affinity binding and internalization. The LDL uptake and internalization by the nonspecific binding (a function of the LDL concentration of the medium) would continue and would not be affected very much by the specific cellular receptors. Accordingly, the amount of cholesterol esters in the cell built up slowly and continuously throughout the entire period of incubation.
The accumulated cholesterol ester mass of the adventitial cells in this study was significantly depleted by a culture medium containing 10% human abetalipoproteinemic plasma. Plasma HDL in humans is believed to be involved in the transport of tissue cholesterol from the peripheral cells to the liver. It has been shown previously that purified HDL preparation can act as a cholesterol acceptor to cholesterol effluxing from tissue culture cells (Bates and Rothblat, 1974; Stein et al., 1975) . However, tissue culture medium containing abetalipoproteinemic plasma may be a far better system with which to study the effect of plasma HDL, because abetalipoproteinemic plasma contains only HDL and no other lipoproteins as impurities. Further-more, such plasma is not subjected to the elaborate isolation and purification procedures which might alter the structural and functional integrity of the molecule.
The control of cellular synthesis and uptake of exogenous cholesterol is believed to be mediated through LDL receptor synthesis. According to , the mean levels of LDL in plasma and interstitial fluid in large human populations are several-fold higher than needed to deliver cholesterol to the peripheral tissues through the LDL receptor pathway. They have suggested that, because of such high levels of plasma LDL in these populations, it is quite possible that, in the event of endothelial damage, plasma components may leak into the arterial wall and thereby present the smooth muscle cells with a very heavy load of LDL which may exceed the clearance capacity of the receptor-mediated process. When saturation of the receptor occurs, LDL is taken up by phagocytic, receptor-independent process, or the so-called "scavenger" pathway, which leads to an uncontrolled accumulation of cholesterol ester within the smooth muscle cells. The accumulation of large amounts of cholesterol ester by the human arterial cells in response to high LDL concentrations in our incubation system may result largely from the receptor-independent phagocytic uptake of LDL.
